Porous organic cages (POCs) are discrete polymacrocyclic molecules that contain a permanent, guest-accessible intrinsic cavity and that are porous to guests such as gases in the solid state. Since the first reports in 2009,^[@ref1]^ the number of porous organic cages (POCs) appearing in the literature has increased dramatically, although in comparison to other classes of porous materials, they are still relatively uncommon.^[@ref2]−[@ref6]^ POCs with different shapes and sizes have now been reported, and promising applications have been demonstrated, such as gas storage,^[@ref7]^ molecular separations,^[@ref8]−[@ref11]^ sensing,^[@ref12],[@ref13]^ catalyst supports,^[@ref14]−[@ref17]^ and porous additives.^[@ref18]^ In contrast to extended porous frameworks, such as metal--organic frameworks (MOFs)^[@ref19]^ and covalent organic frameworks (COFs),^[@ref20],[@ref21]^ the permanent porosity of organic cages is mainly attributed to the intrinsic cavities present in these discrete, shape-persistent molecules. These molecular pores can also be solubilized to produce porous liquids.^[@ref22],[@ref23]^ Previous efforts toward the preparation of new organic cages have tended to focus on the assembly, via reversible reactions, of one^[@ref24]^ or two distinct starting materials into cages that comprise fewer than 20 subunits. The synthesis of larger multicomponent organic cages with high surface areas and large pore volume is rare. To date, Warmuth,^[@ref25],[@ref26]^ Mastalerz,^[@ref7],[@ref27]^ Gawronski,^[@ref28]^ Beuerle,^[@ref29],[@ref30]^ and our group^[@ref31]^ have successfully obtained large organic cages from at least 20 subunits. However, with the exception of Mastalerz's \[8 + 12\] boronic ester cages,^[@ref7],[@ref27]^ none of these large cages exhibits permanent porosity in the solid state. This could be due to collapse of the desolvated cages as a cumulative effect of limited rotation in multiple "rigid" bonds.^[@ref31]^ Also, not all studies provide gas sorption data; thus, it is possible that some systems are, in fact, porous but that this was not explored.

For the rational design of large organic cages via a bottom-up strategy, it is important to recognize that small changes in the bond angles between the reactive functionalities in the starting materials can have a profound effect on the outcome of the reaction. For example, we reported the synthesis of two imine-based organic cages, **CC5** and **CC7**, synthesized from tris(4-formylphenyl)amine and homochiral *trans*-1,2-cyclopentanediamine or *trans*-1,2-cyclohexanediamine (*trans*-1,2-CHDA), respectively.^[@ref31]^ The addition of a single extra carbon atom into the vicinal diamine-functionalized ring resulted in a minor change to the bond angle between the diamine groups, which increased the size of the cage product from a 10-component \[4 + 6\] cage to a 20-component \[8 + 12\] cage. Likewise, Fujita demonstrated that slight changes to bond angles between pyridyl ligand donors significantly affect the structures of metal--organic polyhedra, which he referred to as "emergent behavior".^[@ref33]^ A similar phenomenon was observed by Iwasawa and Beuerle for the synthesis of boroxine and boronate ester cages, respectively.^[@ref24],[@ref30]^ Fujita, Iwasawa, and Beuerle all found that increasing the angle between the reacting groups led to the formation of larger cages containing more components, while decreasing the bond angle between the reacting groups often led to the formation of smaller cages.

Large cages can be targeted either by increasing the dimensions of the building blocks^[@ref34]^ or by keeping the building blocks the same size and increasing the number of units in the cage. As discussed above, the latter may be achieved by increasing the bond angle between the reactive groups in the starting materials. Recently, Petryk et al.^[@ref35]^ reported the synthesis of a **CC3**([@ref1]) analogue in which each aromatic ring contains a single hydroxyl group that is disordered throughout the structure ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). Here, we report the synthesis of an expanded analogue of this cage, synthesized using *cis*-1,3-cyclohexanediamine (*cis*-1,3-CHDA) in place of the homochiral *trans*-1,2-CHDA that was used in the synthesis of the smaller cage. The increase in the bond angle between the amines in the *cis*-1,3-CHDA results in a change in cage topology from a 10-component tetrahedral \[4 + 6\] cage to a 20-component cubic \[8 + 12\] cage ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).

![Synthesis of the \[4 + 6\] Cage Reported by Petryk et al.^[@ref35]^ and the \[8 + 12\] Cage Reported Here, Both by Imine Condensation\
In each cage, all aromatic rings contain a single hydroxyl group that is disordered throughout the structure. Atoms colors are as follows: gray, carbon; white, hydrogen; blue, nitrogen; red, oxygen.](cg-2018-01761s_0003){#sch1}

Results and Discussion {#sec2}
======================

**CC20** was obtained by the self-assembly of 8 molecules of 2-hydroxy-1,3,5-triformylbenzene (HO-TFB) with 12 molecules of *cis*-1,3-CHDA. **CC20** is similar in composition to the recently reported \[4 + 6\] cage, synthesized from HO-TFB and homochiral *trans*-1,2-CHDA.^[@ref35]^ Topologically, it can be regarded as a cube where the arene panels map onto the vertices of the cube and the cyclohexanes define the edges. Geometrically, it can be defined as a cuboctahedron with 8 triangular faces (arenes) and 6 square faces (windows). Interestingly, **CC20** was observed to form multiple solvatomorphs. A number of different solvates were obtained in which the shape of the cage was distorted from the ideal, symmetrical structure. Several of these solvates were found to be porous to N~2~ at 77 K after desolvation.

Initial attempts to synthesize a *cis*-1,3-CHDA-containing cage focused on reacting the diamine with 1,3,5-triformylbenzene (TFB). However, multiple experimental attempts (using different solvents, concentrations, and stirring rates)^[@ref36]^ all gave complex product mixtures by ^1^H NMR, alongside an insoluble white precipitate. It has been reported that the introduction of a suitably positioned hydroxyl group can aid the formation of cage product.^[@ref37]^ With this in mind, we switched from using TFB to HO-TFB. HO-TFB was recently reported by Petryk et al. to form a \[4 + 6\] cage by reaction with chiral *trans*-1,2-CHDA ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). On mixing solutions of *cis*-1,3-CHDA with HO-TFB in DCM/MeOH, an insoluble yellow precipitate was formed initially. After the reaction mixture stood for 1 week, crystals began to grow on the walls of the flask. During optimization of the experimental conditions, it was found that layering a dilute solution of the *cis*-1,3-CHDA onto solid HO-TFB, without stirring, avoided the formation of the initial insoluble precipitate; a small amount of TFA was also observed to catalyze the reaction. After 2 weeks, a yellow crystalline product formed on the inner wall of the flask, this time without any insoluble coprecipitate. ^1^H and ^13^C NMR, diffusion NMR, and high-resolution mass spectrometry were consistent with the formation of an \[8 + 12\] cage ([Figures S1--S5](http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b01761/suppl_file/cg8b01761_si_001.pdf)). The successful outcome of this reaction suggests that the hydroxyl group on the aromatic ring is required to stabilize the geometrical structure of the \[8 + 12\] cage intermediates by forming salicylic imines with intramolecular hydrogen bonding---in the absence of hydroxyl groups, this \[8 + 12\] cage did not form.

To better understand the formation of **CC20**, the reaction was repeated in a *d*~2~-DCM/*d*~4~-MeOH solution (1/1 by volume) without TFA catalyst and the progress of the reaction was monitored by ^1^H NMR ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b01761/suppl_file/cg8b01761_si_001.pdf)). From the ^1^H NMR spectra, the appearance of a broad peak between 8.6 and 8.8 ppm after 15 min indicates the rapid formation of imine bonds, although the broad peak shape suggests the formation of multiple misaligned soluble oligomers and proto-cages. Over time, the aldehyde peaks (9.7 and 10.4 ppm) disappeared, and the two broad peaks (between 8.0 and 8.8 ppm) were resolved into four sharp peaks consistent with the formation of a highly symmetrical imine cage as the initial kinetic products slowly equilibrate to the thermodynamic cage product. During this period, crystals were observed to form on the inner wall of the NMR tube, which accounts for the decrease in the intensity of the cage signals in the ^1^H NMR.

Four solvated single-crystal structures of **CC20** were identified. Directly from the synthesis in CH~2~Cl~2~ and MeOH we obtained large solvated crystals ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b01761/suppl_file/cg8b01761_si_001.pdf)) with cubic *Pm*3 symmetry. In the *Pm*3 structure, there are two crystallographically distinct **CC20** conformers ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,b). While both **CC20** conformers have open cuboctahedral shapes, comparable to the shape of the \[8 + 12\] cage reported by Gawronski,^[@ref28]^ one of the cage conformers has an elliptical shape, which elongates the cage windows ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). **CC20** does not have bulky *tert*-butyl substituents on the vertices like the Gawronski cage. In the **CC20***Pm*3 structure, the cages are packed inefficiently window to window, resulting in the formation of large interconnected extrinsic voids ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). These voids are filled with disordered solvent in the crystal structure.

![Single-crystal structure and crystal packing of different **CC20** solvates recorded at 100 K: (a, b) two distinct **CC20** conformers in *Pm*3 DCM/MeOH solvate, which pack window to window in the crystal structure; (c, d) window to windows packing in the *Im*3*n*-pentane phase; (e) window to vertex packing of **CC20** in the CHCl~3~/MeCN *P*1 solvate, which reduces the size of extrinsic voids between cages in the crystal structure; (f, g) crystal packing in the *n*-pentane *P*1 solvate. Cage conformers with pronounced elliptical shapes are highlighted in green, and disordered OH groups and all H atoms are omitted for clarity.](cg-2018-01761s_0001){#fig1}

Gas-phase computational simulations show that both conformations geometry optimize to the same conformation with no other conformer present within 20 kJ mol^--1^ of this low-energy conformer. Thus, these two conformations of the cage are not distinct minima when the molecule is considered in isolation and their presence is likely due to crystal-packing effects in the solid state. This suggests that there is some flexibility in the cage, although computational modeling supported by experimental porosity measurements also suggests that the cage remains shape-persistent upon desolvation.

To evaluate the stability of the *Pm*3 structure, solvent exchanges of the reaction solvent were carried out in the crystal pores. After the reaction solvent was exchanged with *n*-pentane, the *Pm*3 crystals underwent a single-crystal to single-crystal transformation to a cubic *Im*3 structure. In the higher symmetry *Im*3 crystal structure, there is just one crystallographically distinct cage molecule, but the open cuboctahedral cage shape and crystal packing of **CC20** were both retained in the *n*-pentane-solvated *Im*3 structure ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c vs [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). This transformation highlights the influence that solvation effects can have upon the conformation of cage molecules in the solid-state.

Recrystallization of **CC20** from a CHCl~3~ and MeCN solution yielded needle-shaped crystals with triclinic *P*1 symmetry ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e,f). In the *P*1 crystal structure, the drop in crystallographic symmetry in comparison to the cubic structures is related to the crystal packing of the cages, rather than a loss of the open cuboctahedral cage shape, although one of the **CC20** conformers in the *P*1 solvate phase also has an elliptical shape. In the CHCl~3~/MeCN *P*1 solvate, the crystallographically distinct cages are packed in a window to vertex fashion ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e), which reduces the size of extrinsic voids in **CC20** ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c vs [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}f). The packing density of cages in this solvated structure is 0.62 g cm^--3^, in comparison with 0.51 g cm^--3^ calculated for the cubic solvates. Interestingly, this *P*1 solvated phase also underwent a single-crystal to single-crystal transformation to a second *P*1 phase, after exchanging the CHCl~3~ and MeCN crystallization solvent in the pores with *n*-pentane. In the *n*-pentane *P*1 solvate, the elliptical shape of the two crystallographically distinct cage conformers are less pronounced, but the crystal packings in the two *P*1 solvate structures are different, and the packing density of cages in this structure is 0.70 g cm^--3^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}f vs [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}g). These crystallization experiments have demonstrated that solvent can be used to direct the packing of **CC20**, which we have used here to prevent the formation of energetically unstable extrinsic voids.

In comparison with the \[4 + 6\] cage synthesized by Petryk et al., the larger **CC20** must be desolvated more carefully before gas sorption. The as-synthesized *Pm*3 structure is poorly crystalline after the reaction solvent is removed from the pores, and this phase was found to be nonporous to N~2~ after desolvation under vacuum at 90 °C ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Figures S8--S10](http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b01761/suppl_file/cg8b01761_si_001.pdf)). However, careful desolvation of the *n*-pentane activated *Im*3 phase under a flow of nitrogen followed by vacuum at ambient temperature afforded a porous phase ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Figures S11 and S12](http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b01761/suppl_file/cg8b01761_si_001.pdf)). In contrast, drying the pentane solvate in air for 2 days results in loss of crystallinity ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b01761/suppl_file/cg8b01761_si_001.pdf)). The carefully desolvated sample was found to be porous with an SA~BET~ value of 829 m^2^/g. However, after activation and post gas sorption, PXRD patterns indicate that this material transforms after the *n*-pentane is removed from the crystal structure ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b01761/suppl_file/cg8b01761_si_001.pdf)).

![Nitrogen sorption isotherms of **CC20** polymorphs at 77.3 K: DCM/MeOH *Pm* phase activated at 90 °C under vacuum (black squares), *n*-pentane *Im* phase activated under vacuum at room temperature (blue circles), and CHCl~3~/MeCN crystallized *P* phase activated at 30 °C under vacuum after exchanging the crystallization solvent with *n*-pentane (red diamonds) (closed symbols for adsorption, open symbols for desorption).](cg-2018-01761s_0002){#fig2}

The as-crystallized *P*1 CHCl~3~/MeCN phase was carefully activated by initially exchanging the crystallization solvent with *n*-pentane and then by heating this *P*1*n*-pentane solvate at 30 °C under vacuum. After activation using these conditions, we found that this phase performed better in terms of structural stability and it remained crystalline after gas-sorption analysis, according to PXRD measurements ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b01761/suppl_file/cg8b01761_si_001.pdf)). Thermogravimetric analysis (TGA) also indicates that the **CC20** material, crystallized and activated using the same conditions, is stable and crystalline up to 300 °C, when it is heated under N~2~ ([Figures S15 and S16](http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b01761/suppl_file/cg8b01761_si_001.pdf)). The SA~BET~ value for this phase was 1752 m^2^/g, which is one of the higher values reported so far for POCs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b01761/suppl_file/cg8b01761_si_001.pdf)); the current record is 3758 m^2^/g,^[@ref7]^ but the vast majority of POCs have SA~BET~ values \<1000 m^2^/g.^6^ The desolvated *P*1 phase also shows a large xenon uptake of 3.44 mmol/g at 1 bar and 273 K; by comparison, the smaller \[4 + 6\] **CC3** has a Xe uptake of 2.69 mmol/g at 1 bar and 298 K ([Figures S17 and S18](http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b01761/suppl_file/cg8b01761_si_001.pdf)), but unlike **CC3**, **CC20** does not appear to be saturated at 1 bar Xe pressure.^[@ref8]^

Differences were observed between the simulated PXRD patterns of the *Im n*-pentane solvate and the *P*1 solvates, in comparison to the PXRD patterns recorded after desolvation and gas sorption analysis, indicating that the cage structures transform further during these processes ([Figures S19 and S20](http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b01761/suppl_file/cg8b01761_si_001.pdf)). This is likely due to changes in the shape of **CC20** upon desolvation and/or reorientation of the cages in the crystal lattice. We ascribe this to the "shape flexibility" exhibited by **CC20** and the spherical nature of this cage. We have previously found that smaller spherical cages can be highly solvatomorphic^[@ref38]^ and difficult to desolvate without pronounced structural transformations.

**CC20** also showed fluorescent emission ([Figures S20 and S21](http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b01761/suppl_file/cg8b01761_si_001.pdf)) when it was dissolved in chloroform (1 mg/mL) and irradiated with 357 or 497 nm light. Both excitation wavelengths result in emission at 534 nm (yellow-green light). This could potentially allow the application of this cage for molecular sensing.^[@ref13]^

Summary {#sec3}
=======

In conclusion, by increasing the bond angle between the reactive functionality on one of the starting materials, we have successfully synthesized a new \[8 + 12\] cage, **CC20**, by imine condensation. **CC20** was observed to form several solvatomorphs by SCXRD, which contain a number of distinctly shaped cages due to crystal-packing effects. To the best of our knowledge, this is the first time that a "shape-persistent" POC has displayed flexibility in the solid state. The formation of the large **CC20** was found to be more sensitive to the synthesis conditions than its smaller analogue, and the stabilizing effects of hydroxyl groups were required to form the cage. **CC20** exhibits a very high SA~BET~ value of 1752 m^2^/g, which is among the highest reported for an organic molecular solid.
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**CC*X***

:   a "covalent cage" in a series published by the Cooper group, *X* being the number of cages reported in order of publishing

PXRD

:   powder X-ray diffraction

BET

:   Brunauer--Emmett--Teller

SCXRD

:   single-crystal X-ray diffraction
